Introduction
The purpose of the present dossier is to give a short overview of how engineered nanoparticles (ENPs) can translocate from the respiratory tract to the circulation, pass the blood-brain-barrier (BBB) and affect the brain, and to discuss possible adverse health effects and associated risks. It is also suggest that there is a need for focused research to support risk assessment. This research should use standardized and adequate methods and experimental designs including the selection of the right in vitro and/or in vivo models, controls, ENP characteristics, doses, etc. 1 . Nanoparticles (NPs) can be generated through both natural (e.g., combustion byproducts, volcano eruption etc.) and synthetic processes. Here, the focus is on engineered nanoparticles and the unintended exposure of the central nerve system (CNS).
In principle, researchers have agreed to use the terms nanomaterial or nanoparticles if the material size is smaller than 100 nm in one dimension; although different terms are still used in the literature, like nanosized materials, ultrafine particles (UFP), engineered nanomaterials, manmade nanoparticles and others. This shows that the term nanomaterial is related to the size dimension only rather than to the material itself, which can contain any kind of substance. Therefore it is questionable whether the term nanomaterial always reflects the right condition(s). This is relevant from different perspectives, e.g. in political discussions and decisions, but also for dosimetry aspects. For the latter, it is important to characterize the kind of the nanomaterial, to define concentration(s), establish dose response relationships etc. Furthermore, dosimetry is necessary for risk estimation and for the establishment of thresholds and/ or limit values. The general use of the term nanomaterial does not say much about the chemical conditions. Therefore, the physico-chemical properties including size, shape and composition of the material have to be known for exposure calculations.
Drug delivery systems and the blood-brainbarrier
ENPs have the potential to revolutionize medicine because of their ability to reach and to affect target organs and tissues, even "as distant" as tumours in the brain, at the molecular and cellular levels. Medical and pharmacological research focuses on applications of nanosized materials, whereas side effects associated with their use are generally not taken into consideration. In fact, the knowledge about potential toxicity of ENPs is far from comprehensive 2; 3 .
Drug delivery systems or nanocarriers (see also 4 ) should and may overcome solubility or stability issues for the drug, and minimize drug induced side effects. However, the nanomaterials themselves can also induce significant toxic effects (for review see 5 ). Besides the chemical properties, this can be due to their electric, optical, and magnetic properties that are related to physical dimensions, but also the surface of the material can be involved in catalytic and oxidative reactions which themselves can induce cytotoxicity. This toxicity can be greater than that of a similar bulk material because the surface area-to-volume ratio for nanomaterials is much greater. Moreover, some nanomaterials contain metals or compounds with known toxicity, and thus the breakdown of these materials could elicit similar toxic responses.
A number of questions pertaining to the safety of nanomaterials in this context are thus obvious. What is the ultimate fate of the drug delivery systems/nanocarriers, and their components, within the body? What happens with those which are not bio-degradable and those which are functionalized, like carbon nanotubes, or coated with different agents? Further on, what are the consequences after long term exposure?
Summary
There are certain concerns regarding the safety for the environment and human health from the use of engineered nanoparticles (ENPs), which leads to unintended exposures, in contrast to the use of ENPs for medical purposes. Animal experiments have shown that investigated ENPs (metallic nanoparticles, quantum dots, carbon nanotubes) can translocate to the brain from different entry points (skin, blood, respiratory pathways). After inhalation or instillation into parts of the respiratory tract a very small fraction of the inhaled or instilled ENPs reaches the blood and subsequently secondary organs, including the central nerve system, at a low translocation rate. Experimental in vivo and in vitro studies have shown that several types of ENPs can have various biological effects in the nervous system. However, the relevance of these data for risk assessment is far from clear. It is, however, unlikely that acute high dose exposures would occur. The risk from such exposures to damage the central nerve system is thus probably even lower. This dossier focuses on the unintended human exposure of ENPs. In particular, possible effects on the functions or processes in the brain are discussed and an attempt to assess the risks is performed. However, the present state of knowledge is unsatisfactory for a proper risk assessment in this area.
The blood-brain barrier (BBB) 4 protects the central nervous system from potentially harmful xenobiotics and endogenous molecules. The BBB, formed by brain capillary endothelial cells linked together by tight junctions, together with adjacent processes from astrocytes, restricts the transfer of most substances from the bloodstream into the brain. Therefore, substances may gain access to the central nervous system by (lipid-mediated) free diffusion or potentially by receptor-mediated endocytosis. Since tight junctions in the BBB have a gap of only 4-6 nm, nanoparticles pass through the endothelial cell membrane rather than via inter-endothelial junctions.
It has been shown that nanoparticles from the blood circulation may influence endothelial cell membrane integrity and/or disrupt the BBB, and may induce certain mechanisms of intracellular transport (vesicular transport) to gain access into the CNS. Moreover, it seems to be accepted that nanoparticles can induce oxidative stress 6 leading to the generation of free radicals that could disrupt the BBB and causing certain dysfunctions. However, the biological relevance of those effects is unclear.
It is known that nanoparticles are mainly internalized by phagocytes and are thus unable to reach the brain in desirable quantities. Therefore and because of the bloodbrain-barrier (see lower) almost no pharmaceutical can reach the brain tissues by administering it with uncoated nanoparticles (see Fig. 1 for a description of how ENPs can enter the cell and exert different actions). Nanocarriers require surface modifications or other forms of functional modifications for receptor-mediated transport through the brain capillary endothelium to deliver drugs to the central nervous system. Therefore, surface modifications of nanoparticles are presently intensely studied for nanomedicinal applications like diagnosis and therapy aiming to influence the target-oriented pharmacokinetic behaviour of nanocarriers. Different approaches to obtain suitable modifications are discussed and under development 7; 8; 9; 10; 11; 12; 13 .
It has to be pointed out that nanoparticles administered intravenously are rapidly cleared from the blood stream by blood cells (mononuclear phagocyte system) and mainly accumulate in liver and spleen 14 . Specially prepared ENPs with surface modifications seem to offer possibilities for drug delivery to the brain. It seems that these special ENPs are more biocompatible and are having a better safety profile, and can furthermore pass the BBB without inducing substantial toxicity even at very high doses (440 mg/kg in mice) 7; 15 . This suggests that the possibility for ENP uptake in the CNS is very complex. Therefore it is not likely that inhaled or ingested ENPs are reaching the CNS in significant amounts. Furthermore, many ENPs are agglomerates or covered by proteins, a so called corona, undergoing a fast metabolism and/or excretion. It is known that ENPs are actively taken up by phagocytes which in turn induce oxidative stress by the generation of free radicals. The question arises how long this oxidative stress is present within the CNS and to if and what kind of dysfunctions it is leading? It is very likely that the effects (chronic or acute) are dose dependent, therefore a dose definition is strongly needed for the purpose of risk assessment.
Translocation of nanoparticles from the respiratory tract to the CNS
Since inhalation is one of the main portals of ENP entry into the body and the majority of knowledge is available on that field, this dossier focuses on uptake of ENPs in the lungs (by inhalation or installation, i.e. direct application into the respiratory tract) followed by retention and distribution to secondary organs (see also 16 ). It is known that inhaled particles are size dependently deposited in the lungs in three different regions, namely the nasopharyngeal, tracheobronchial and in the alveolar region of the respiratory tract 16 . Different studies have shown that 90 % of the smaller particles (1 nm) are deposited in the nasopharyngeal and the rest in the tracheobronchial region (for review see 17 ) . Particles in the range of 1-5 nm deposit in nasopharyngeal, tracheobronchial and in the alveolar region, whereas 20 nm ENPs deposit to around 50 % in the alveolar region. Larger particles (0.5-10 µm) are remaining on the epithelial surface in airways and alveoli 18 . The retention time seem to depend on the deposition site. For microparticles (0.5-10 µm) the retention time is 24-48 h in rodent airways 19 and it is likely that this is increasing in humans because of the airway length.
The alveolar region of the lungs is the most permeable since gas exchange between blood and air is taking part here. The airblood barrier in this region is approximately 2 µm thick 20 . If particles are deposited in a certain area they will be either dissolved and/or metabolized, undergoing clearance mechanisms, or insoluble particles will be enriched in particular areas or even in individual cells of the lungs causing biological or toxicological effects 18; 20 . ENPs can pass between the cells (through the interstitium) and can be taken up by epithelial cells. However, it was summarized that the main pathway for particle clearance in airways, for any kind of particles, is towards the larynx, and 2 
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Signal transduction pointed out that even particles that were relocated into the underlying interstitium reappear again on the lung surface to be cleared this way 18 .
Clearance mechanisms in airways and alveoli are shortening the retention time of ENPs in the lungs, therefore only a few nanosized particles can translocate to secondary organs. It has been shown that intratrachealinstilled polystyrene particles (with an average diameter of 56 or 202 nm), are passing into the blood circulation, but this translocation is between 1-2.5 % independently of the particle size 21 . The overall toxicity of nasally instilled nanoscale copper particles (23.5 nm) was investigated in another study in comparison with micro-sized copper particles (17 µm) in mice and only in the highdose group (40 mg/kg, three times per week) significant pathological changes were found 22 . There are several studies performed using different nanomaterials and sizes and concentrations showing translocation to secondary organs. However, the translocation fraction out of the lung seems not to exceed 5 % for any of the investigated ENPs.
The translocation rate from the respiratory tract to the central nervous system has been shown to be very low 1 . It is questionable if the amount of nanomaterials which reaches the brain can cause hazardous effects. However, it has been reported 21 , that pulmonary inflammation induced by instillation plays the major role in enhancing the extrapulmonary translocation of particles. This fact indicates that nanomaterials can induce inflammatory effects which themselves are changing the microenviroment leading to higher translocation rates to secondary organs 23 .
If ENPs are injected or translocated to the blood circulation, proteins are associating with the nanoparticles, which in turn can lead to a response 24 . Therefore the kinetics of the ENPs is also depending on the local coronastructure which is different in each microenviroment.
In conclusion, the translocation rate of deposited ENPs from the lung to the blood circulation and then to secondary organs seems not to exceed 5 %. Furthermore, the translocation from the blood to the CNS is lower than 1 % according to available studies. Corona formation can change the translocation rate and possibly increase the hazardous effects.
Axonal transport of ENPs to the brain
An important mechanism of particle uptake (endocytosis) involves the uptake by sensory nerve endings embedded in airway epithelia. In the nasal region it is the olfactory and trigeminus nerve system, and in the tracheobronchial region it is the extensive sensory nerve network. Translocation to the CNS can then be accomplished by axonal transport 4 . The olfactory nerve pathway can be considered as a critical portal of ENP entry to the central nervous system of humans, especially under high environmental or occupational ENP exposure.
Several authors have showed that intranasally instilled (inhaled) ENPs translocate in the axons of the olfactory nerves to the olfactory bulbs 25, 26, 27 . More recent studies indicated that neuronal translocation pathways are also operational for other inhaled ENPs. Inhalation of elemental 13 C ENPs (36 nm, 160 µg/m 3 ) resulted in a significant accumulation of these particles in the olfactory bulb of rats on the first day, which constantly increased further throughout day seven after the initial six hours exposure 17 . (As an example: The limit for fine particles in the air is 50 µg/m 3 and this is for the "average human" with ca. 70 kg.) Results from another inhalation study with manganese oxide particles (30 nm, 500 µg/m 3 ) in rats also demonstrated an increase of particles in the olfactory bulb. When one nostril was occluded during a six hours exposure, the accumulation of Mn was seen only in the olfactory bulb of the open nostril 25; 28 . Another study showed that inhaled nano-gold particles (20 nm, 2 x 10 6 particles/cm 3 ) can accumulate in the olfactory bulb of rats 29 . The exposure for five days resulted in a significant increase of gold ENPs in the olfactory bulb (8 ng Au/g body weight). After fifteen days of exposure, significant accumulations of gold particles were detected in certain areas of the brain (cortex). These observations suggest that if there are high doses of nanoparticles in the air they can enter into the CNS via the olfactory nerve during accidental or prolonged environmental or occupational exposure to humans.
After nasal instillation (very high dose of TiO 2 NP every other day for 30 days), the microdistributions of differently sized TiO 2 NPs (80 nm) and fine TiO 2 particles (155 nm) in the olfactory bulb of mice were investigated 30 . It could be demonstrated that both types of TiO 2 particles were taken up by the olfactory bulb via the primary olfactory neurons and then accumulated in the olfactory nerve layer. The TiO 2 content was increased in all investigated brain regions. The presence of TiO 2 in the brain was furthermore accompanied by changes in neuron morphology, and signs of oxidative stress were documented in all regions of the brain. Interestingly, in general anatase 31 TiO 2 gave rise to stronger effects than the rutile form. However, potential human exposure with a very high dose such as in this experiment is highly unlikely.
Taken together, it seems that nanoparticles can translocate to the nervous system through sensory nerves. Although the olfactory mucosa of the human nose is only 5 % of the total nasal mucosal surface, translocation of 20 nm particles is 2-10 times higher in the human olfactory bulb than in rats 2 . Thus, translocated nanoparticles in humans may be able entering into the deeper brain structures after short exposure time. Based on the limited data available, it is presently difficult to assess to what extent accumulation in the brain via axonal transport is a realistic possibility (see also Fig. 2, next page) . However, since presently there is very low environmental exposure only, so it can be assumed that this scenario represents a low risk.
Neurobiological effects of ENPs -Biological studies
The increased production and presence of nanosized TiO 2 particles in consumer products and in processes has generated an interest into the possible effects on human health. Regarding in vivo studies of nervous system function, a few recent articles have rendered relevant data. Thus, mice were subjected to nasal instillation with TiO 2 ENPs (80 nm, rutile and 155 nm anatase; 500 µg every 2 nd day for 30 days) 30 . Titanium particles were mainly accumulated in special areas of the brain, causing dispersed arrangement of neurons and loss of neuronal cell number (30 % and 25 % cell loss in the 80 and 155 nm TiO 2 -exposed groups). All markers of oxidative stress occurred in the entire brain of exposed mice 30 .
In another study effects of anatase TiO 2 (the particle size not indicated in the article) injected subcutaneously in pregnant mice was investigated for certain gene expression patterns in male embryos and pups 32 . Genes associated with brain development, motor activity, oxidative stress, and programmed cell death (apoptosis) changed their expression levels compared to control animals during various periods of investigation (embryonic day 16 to 21 days). Another research group injected TiO 2 (anatase, 25-70 nm) subcutaneously to pregnant mice 33 and ENPs were found in the brains (cortex, olfactory bulb) of the offspring. Abdominal injection of anatase TiO 2 (5 nm; 5-150 mg/g) to mice were performed daily for 14 days in a recent study 34 . The TiO 2 content of the brains increased with increasing injection "doses". Also changes in neuronal morphology, transmitter levels and oxidative stress were seen to follow a dose-response relationship.
In conclusion, the referenced studies point to that the investigated ENPs can translocate from the point of application to the brains of the animals. However, it is unclear from these studies under which specific conditions this occurs since the studies have not investigated dose-response relationships, properties of the ENPs in question etc. A single study also indicates that TiO 2 can pass the placenta and be taken up into the brains of embryos. Regarding the physiological effects of these exposures it is unclear to what extent, and at what exposure levels, nervous system functions can be affected by ENPs. However, the available data are suggestive of effects on neurotransmission and, possibly, behaviour. Several signs of changes in oxygen radical homeostasis were also seen. The consequence could be that long-term exposures cause permanent inflammatory states, which can be a contributing factor in certain neurodegenerative diseases. The relation, however, between such effects and the amount of particle uptake is unknown.
Risk assessment and research needs
Health risk assessment has to consider evidence from various lines of evidence (e.g. human epidemiological and clinical studies, experimental animal and in vitro studies, in silico studies) and integrate them into a cohesive evaluation. It is furthermore essential to have relevant information on exposure. Risk can then be deduced from exposure data together with the hazard assessment. Needless to say, the assessment gets more reliable the more relevant information is present (see also Fig 3) .
Data on assessment of human exposure to ENPs is very sparse. However, there is at present very little reason to expect that the general public is exposed to any significant amounts of air-borne ENPs, although ENPs are present in certain consumer products. It is more likely that occupational exposures can be a relevant factor in at least some settings.
Besides the few data on exposure that makes risk assessment difficult, the absence of a relevant dose concept for quantification of hazards is an obstacle. This deficiency is considered to be one of the biggest problems for risk assessment of ENPs today. Thus, knowledge about the life-time of the nanomaterial (retention time) in the body is essential to get an idea of both dose and unintended reactions in vivo. Furthermore, the dose rate -the kinetics of the uptake of ENPs per time (acute high dose exposure vs. chronic low dose exposure) -is an important aspect of exposure, as well as the ENPs physicochemical structure.
Even during clinical situations where ENPs are created to act as drug delivery systems, translocation to CNS is difficult to obtain. It has been shown that special coverings and functional modifications of the surface of ENPs are necessary for them to reach the target organ, in this case the CNS.
Experimental studies on animals, too, suggest that translocation even after instillation or inhalation of substantial amounts is very 4 
Conclusions
The aim of the present Dossier is to assess whether there is a risk, in particular, to the CNS after unintended exposure to inhaled ENPs. A possible risk has two components, viz. exposure and hazard. Regarding exposure, there are at present very few if any data on exposure of the general public to either acute high dose exposure or on chronic exposure to low dose levels of air-borne ENPs. Furthermore, it is unlikely, with exception of possibly a few occupational situations, that acute high dose exposures could happen. Probably, the risks from such exposures for damaging CNS effects is thus very low, irrespective of any biological effects that ENPs could have.
The situation is more complicated regarding chronic exposures, at low doses. There is no access to exposure data for the general public regarding ENPs. It is also known that translocation to the brain via respiratory organs and the circulation is very low, even in cases where ENPs have such surface modifications as to enable them to pass the BBB. At higher concentrations, ENP can possibly enter the olfactory bulb via the olfactory nerve, and then possibly distribute to other areas of the brain. It has also been shown in both in vivo and in vitro studies that several types of ENP have various kinds of biological effects. The relevance of these data is unclear. However, the possibility remains that chronic exposures, and/or biopersistent ENPs, can influence processes within the brain that are triggering or aggravating pathological processes.
In general, the present state of knowledge is unsatisfactory for a proper risk assessment in this area. Improvements of the study qualities as well as increased number of relevant studies are strongly recommended.
